Disaccharide phosphorylases are interesting enzymes for the production of sugar phosphates from cheap starting materials and for the synthesis of novel glycosides. Cellobiose phosphorylase (CP) from Cellulomonas uda was subjected to directed evolution in order to create enzyme variants with significantly increased lactose phosphorylase (LP) activity, useful for the production of a-D-galactose 1-phosphate. In a first round, random mutagenesis was performed on part of the CP gene and the resultant library was selected on minimal lactose medium. One clone containing six amino acid mutations was found with increased LP activity compared with the wild-type CP enzyme. The negative and neutral mutations were eliminated by site-directed mutagenesis and the resultant enzyme variant containing two amino acid substitutions (T508A/N667T) showed more LP activity than the parent mutant. Saturation mutagenesis of the beneficial sites and screening for improved mutants allowed us to identify the T508I/N667A mutant which has 7.5 times higher specific activity on lactose than the wildtype. The kinetic parameters of the mutants were determined and showed that the increased LP activity was caused by a higher k cat value. This is the first report of an engineered CP with modified substrate specificity.
Introduction
Disaccharide phosphorylases (DSPs; E.C. 2.4.1.) catalyze the reversible phosphorolysis of disaccharides resulting in the formation of a glycosyl phosphate and a monosaccharide:
Disaccharide þ P i ! glycosyl phosphate (sugar donor) þ monosaccharide (acceptor):
In nature, they play an important role in the energy-efficient metabolism of carbohydrates (Lou et al., 1996) . DSPs have properties that lay between glycosyl transferases (GTs) and glycosyl hydrolases (GHs), because they are able to catalyze glycosyl-transfer reactions (glycoside synthesis) as well as to catabolize carbohydrates (by phosphorolysis). However, based on their structures and amino acid identity, most DSPs are classified in GH families (Henrissat and Davies, 1997 ; http://www.cazy.org).
DSPs are attractive biocatalysts because of their phosphorolytic and synthetic capacities. Several unnatural trisaccharides and disaccharides have been synthesized with Cellvibrio gilvus cellobiose phosphorylase (CP) using a-D-glucose 1-phosphate (aGlc1P) as donor and melibiose, gentiobiose, isomaltose, D-arabinose, D-altrose or L-fucose as acceptor molecules (Percy et al., 1997 (Percy et al., , 1998 . Besides CP, also other DSPs have been used in glycosylation reactions (Aisaka et al., 2000; Maruta et al., 2006; Kino et al., 2007; Kwon et al., 2007) . Although the acceptor specificity of DSPs is quite loose, the donor specificity is very strict. Almost all known DSPs require either the alpha or the beta form of glucose 1-phosphate as sugar donor. This limits their use to glucosylation reactions. Only chitobiose phosphorylase (ChP) and lacto-N-biose phosphorylase (LNBP) are known to act on a-N-acetyl-glucosamine 1-phosphate and a-D-galactose 1-phosphate (aGal1P), respectively (Honda et al., 2004; Kitaoka et al., 2005) .
Phosphorolytic enzymes can also be used for the efficient production of sugar 1-phosphates from cheap starting materials. For example, the production of aGlc1P from sucrose and phosphate could be carried out efficiently in a packed-bed continuous reactor with immobilized sucrose phosphorylase (Goedl et al., 2007) . Monosaccharides that carry an a-linked phosphate group are key intermediates in the Leloir pathway for the synthesis of glycosidic linkages because they can be converted into nucleotide sugars which are donor substrates for GTs. The importance of sugar 1-phosphates for the chemo-enzymatic synthesis of glycoconjugates has already been addressed by Hoffmeister et al. (2003) who created enzyme variants of Escherichia coli galactokinase with modified substrate specificity. However, these kinase enzymes require ATP to perform their reaction which limits their use in large-scale processes.
It is noteworthy that no DSP has been found yet that uses lactose as its preferred substrate. Such an enzyme would be interesting for the production of aGal1P. The only known phosphorolytic enzyme to produce aGal1P in nature is LNBP (Kitaoka et al., 2005) . Lacto-N-biose I or b-Dgalactosyl-(1,3)-N-acetyl-D-glucosamine is a structural component of oligosaccharides present in human milk and is not easy to obtain in large quantities (Nishimoto and Kitaoka, 2007) . In this respect, a lactose phosphorylase (LP) enzyme that can produce aGal1P from a cheap and abundant substrate such as lactose is highly desirable.
Our goal was to create a novel LP enzyme by modifying the substrate specificity of Cellulomonas uda CP from cellobiose to lactose by directed evolution. Cellobiose and lactose are structurally very similar and differ only in the configuration of the C4 hydroxyl group at the non-reducing end (donor site). Preliminary experiments in our laboratory have shown that wild-type C. uda CP is able to phosphorolyse lactose, although at a very slow rate (not published). This makes C. uda CP the ideal starting point to create an LP enzyme. Furthermore, the CP enzyme of C. uda is kinetically well studied (Nidetzky et al., 2000) , has been recombinantly expressed in E. coli (Nidetzky et al., 2004 ) and a 3D structure is available from the homologous C. gilvus CP enzyme (Hidaka et al., 2006) . Here, we demonstrate that the LP activity of C. uda CP can be improved by protein engineering and directed evolution. Using random mutagenesis followed by selection, site-directed and site-saturation mutagenesis, we were able to find enzyme variants with significantly improved activity on lactose.
Materials and methods

Bacterial strains, plasmids and growth conditions
The CP gene (accession number AY343322) was cloned from C. uda DSM20108. The organism was grown in tryptone soya broth medium (TSB: 17 g/l tryptone, 3 g/l papaic digest of soybean meal, 2.5 g/l glucose, 2.5 g/l K 2 HPO 4 , 5 g/l NaCl) at 308C. The pGEM-T plasmid (Promega) was used for cloning of PCR fragments and was stored in E. coli DH5a. The pTrc99A plasmid, containing the inducible trc promoter and an ampicillin resistance gene, was used for construction of the CP expression vector ( pXCP). Ultracompetent E. coli XL10-Gold cells (Stratagene) were used for transformation with mutant DNA libraries and protein expression. Escherichia coli was routinely grown at 378C on LB medium (10 g/l tryptone, 5 g/l yeast extract, 5 g/l NaCl; pH 7.0) supplemented with 0.1 g/l ampicillin. Agar (15 g/l) was added when necessary. All chemicals and medium components were obtained from Sigma or BD Biosciences unless stated otherwise.
Construction of the cellobiose phosphorylase expression vector
Cellulomonas uda was grown in TSB medium for 16 h, after which genomic DNA was extracted with the GenElute Bacterial Genomic DNA Kit (Sigma). The CP gene was amplified from the genomic DNA using the High Fidelity PCR Master Kit (Roche Diagnostics) with primers containing restriction sites:
The Psp1406I and PstI restriction sites are underlined in the forward and reverse primer, respectively. DMSO was added to a final concentration of 5% to improve amplification from the GC-rich (69%) template. The following PCR cycling conditions were used: 958C (10 min); 35 cycles of 948C (1 min), 628C (1 min) and 728C (3 min); 728C (7 min). The 2477 bp fragment containing the full-length CP gene was ligated into the pGEM-T vector (Promega). The resulting plasmid was cut with Psp1406I and PstI and the CP gene was ligated into the pTrc99A expression vector by standard molecular techniques (Sambrook and Russell, 2001 ). The CP expression vector was named pXCP.
Random mutagenesis
Random mutagenesis of the C. uda CP gene was performed with the GeneMorph II EZClone Domain Mutagenesis Kit (Stratagene) according to the manufacturer's instructions with some minor modifications. Forty nanogram of the pXCP expression vector was used as template, and error-prone PCR (epPCR) was performed with the following PCR primers: 5 0 -CGTTCGTCGGCGCGTACAACTC-3 0 (CPmutF1, forward) and 5 0 -ACGACGAGCCCGTCGTACTCC-3 0 (CPmutR1, reverse). These primers were designed to amplify the region between amino acids T216 and V757 of the CP enzyme (see further). DMSO (1% final concentration) was added to the epPCR reaction mixture to improve amplification from the GC-rich template. PCR cycling conditions were as follows: 958C (2 min); 35 cycles of 958C (45 s), 658C (45 s) and 728C (2 min); 728C (10 min). The 1624 bp PCR fragment was gelpurified with the QIAEX II gel extraction kit (Qiagen) and used for the so-called EZClone reaction, in which the mutated genes are cloned into the pXCP expression vector by whole-plasmid PCR. The purified PCR fragment was used as megaprimer (500 ng) and wild-type pXCP vector (50 ng) as template. PCR cycling conditions were as follows: 958C (1 min); 30 cycles of 958C (50 s), 608C (50 s) and 688C (14 min). After the reaction, 10 U of DpnI restriction enzyme was added to the reaction mixture and incubated overnight at 378C to completely digest parental template DNA. The DpnI-treated PCR mixture was transformed into E. coli XL10-Gold and an aliquot of the transformation mixture was plated on LB agar containing ampicillin to determine the library size and mutagenesis rate by sequencing several colonies. The rest of the transformation mixture was used for selection on lactose minimal medium (see further).
Site-directed and site-saturation mutagenesis
Site-directed and site-saturation mutagenesis were performed with the QuikChange Multi Site-Directed Mutagenesis Kit (Stratagene) according to the manufacturer's instructions. The primers contained the appropriate codon for mutagenesis (NNS for saturation), and PCR cycling conditions were as follows: 958C (3 min); 30 cycles of 958C (1 min), 558C (1 min) and 658C (14 min). After the reaction, 10 U of DpnI restriction enzyme were added to the reaction mixture and incubated overnight at 378C to completely digest parental template DNA. The PCR mixture was transformed into E. coli XL10-Gold and the transformation mixture was plated on LB medium containing ampicillin. Several colonies were picked and sequenced to identify the mutated plasmids.
Selection for LP enzyme variants
To select for clones expressing LP enzyme activity, a transformation mixture containing E. coli XL10-Gold (which is lacZ-negative) transformed with the constructed mutant DNA library (see above) was inoculated in 20 ml LB medium supplemented with ampicillin. After 6 h of growth, IPTG (0.1 mM final concentration) and lactose (1% final concentration) were added and the culture was grown for another 16 h at 378C. The incubation in LB medium containing ampicillin, IPTG and lactose appeared to be necessary to allow sufficient recombinant enzyme expression and lactose uptake before the selection step on minimal medium. Then the culture was washed with phosphate-buffered saline (PBS: 8 g/l NaCl, 0.2 g/l KCl, 1.44 g/l Na 2 HPO 4 , 0.25 g/l KH 2 PO 4 ; pH 7.4) and inoculated (0.25% v/v) in 50 ml lactose minimal medium [6 g/l Na 2 HPO 4 , 3 g/l KH 2 PO 4 , 1 g/l NH 4 Cl, 0.5 g/l NaCl, 20 mg/l proline, 0.1 mM CaCl 2 . 2H 2 O, 1 mM MgSO 4 , 1 mM thiamine-HCl, 18 mM FeCl 2 . 4H 2 O, 6.9 mM ZnCl 2 , 1% (w/v) lactose] supplemented with ampicillin and IPTG (0.1 mM). The selection culture was grown at 378C to an OD 600 of 1, after which a fresh selection culture was started by inoculation (2% v/v) of the grown culture in 20 ml lactose minimal medium supplemented with ampicillin and IPTG. After four such cycles, an aliquot of the culture was plated on LB medium supplemented with ampicillin. Several colonies were picked and sequenced to identify the mutations.
Screening for LP enzyme variants
The mutant DNA library was transformed into E. coli XL10-Gold cells and the transformation mixture was plated on LB medium containing ampicillin. Colonies were picked with an automated QPix2 colony-picker (Genetix) and inoculated into sterile 96-well flat-bottomed microtiter plates containing 175 ml LB medium per well, supplemented with ampicillin. The microtiter plates were incubated for 16 h at 378C and 250 rpm. Recombinant enzyme expression was then induced by inoculation of the grown mini-cultures into new microtiter plates containing 175 ml LB medium per well, supplemented with ampicillin and 0.1 mM IPTG. After incubation for 16 h at 378C and 250 rpm, the microtiter plates were centrifuged at 2500 rpm for 10 min, and the pellets were frozen at 2208C. After thawing at 378C, the pellets were lysed with 100 ml of lysis buffer composed of 50 mM Tris -HCl ( pH 7.5), 1 mM EDTA, 0.5% Triton X-100, 4 mM MgCl 2 , 50 mM NaCl and 1 mg/ml lysozyme to extract the intracellular enzyme from the cells. Lysis was carried out for 30 min at 378C on a Freedom EVO 200 liquid handling robot (Tecan) followed by centrifugation at 3500 rpm for 10 min. The supernatants (crude cell extracts) were used for enzyme screening. Enzyme reactions were carried out at 378C in microtiter plates by mixing 30 ml crude cell extract with 170 ml substrate solution (200 mM lactose and 30 mM KH 2 PO 4 in 50 mM Mes-buffer pH 6.6). After 1 h incubation, 50 ml samples were taken to determine the amount of released glucose via the glucose oxidase/ peroxidase assay (Werner et al., 1970) .
Recombinant enzyme production
To investigate the activity of wild-type enzyme and improved variants, the corresponding expression vectors were used to transform E. coli XL10-Gold and the resulting transformant was picked and grown at 378C in LB medium supplemented with ampicillin. Expression of the recombinant enzyme was induced by adding IPTG to a final concentration of 0.1 mM when the OD 600 of the culture reached 0.6. After 6 h of induction, 1 ml sample of the culture (OD 600 = 4.0) was centrifuged for 10 min at 15 000g and the pellet was frozen at 2208C. Crude cell extracts were prepared by enzymatic lysis of the pellets using the EasyLyse Bacterial Protein Extraction Solution (Epicentre).
Enzyme purification
For simplifying the purification, a His-tag was inserted in the pXCP-vector between the first and the second codon by means of PCR (using the primer sequence 5 0 -caggaaa cagaccatgcaccatcaccatcaccatcgttacgggcacttcg-3 0 ) with the QuikChange XL site-directed mutagenesis kit (Stratagene). The variant enzymes were cloned into this vector by conventional cloning procedures (Sambrook and Russell, 2001 ). The enzymes were produced as described above and purified by immobilized metal ion affinity chromatography (IMAC) with the IMAC QuickPick Kit (Bio-Nobile) according to the manufacturer's instructions. Protein concentrations were determined using the Bradford reagent (Bradford, 1976) using bovine serum albumin as a standard.
Determination of enzyme activity and kinetic parameters of enzyme variants
Enzyme reactions were performed using 30 mM KH 2 PO 4 and either 30 mM cellobiose or 200 mM lactose in 50 mM Mes-buffer ( pH 6.6) at 378C. At regular intervals, samples were inactivated at 958C for 5 min and the released glucose was measured via the glucose oxidase/peroxidase assay (Werner et al., 1970) . One unit of enzyme activity was defined as the amount of enzyme that converts 1 mmol of substrate in 1 min under these conditions. Kinetic parameters of the enzyme variants on lactose and cellobiose were determined by incubating purified enzyme with a fixed concentration of 30 mM of KH 2 PO 4 and various concentrations of lactose (0 -750 mM) or cellobiose (0-30 mM) in 50 mM Mes-buffer ( pH 6.6) at 378C.
Results and discussion
Construction of CP expression vector and mutant library
The pXCP vector was successfully constructed by ligation of the PCR-amplified CP gene from C. uda into a pTrc99A expression vector, as described in the Materials and methods section. After recombinant expression of the enzyme in E. coli XL10-Gold and preparation of crude cell extracts, a CP activity of 1.2 U/ml of culture medium was obtained.
The pXCP plasmid was used as a template for random mutagenesis of the CP gene via epPCR. The CP gene encodes an 822 amino acid protein, which is quite large for directed evolution studies. Using structural information from the homologous C. gilvus CP enzyme (89% identity) (Hidaka et al., 2006 ; PDB 2CQT), we restricted random mutagenesis to the residues between T216 and V757 (Fig. 1) . This region includes all amino acids within 15 Å of the catalytic center and results in a more focused library since most beneficial mutations are found near the active site (Morley and Kazlauskas, 2005) . The 1624 bp DNA fragment obtained from epPCR was used to construct a Fig. 1 . Distance of the C a atom of each amino acid to the donor site (C1 atom of glycerol) in the 3D structure of C. gilvus CP (PDB 2CQT).
Creating lactose phosphorylase enzymes DNA library and its size and mutation frequency were determined. About 10 5 clones were present in the DNA library with an average mutation frequency of 6.4 + 2.4 DNA mutations/kb. The mutations were randomly distributed along the randomized region but were biased toward GC!N mutations (89%) due to the high GC percentage of the C. uda CP gene (69%).
Selection on lactose minimal medium
In order to find enzyme variants with improved LP activity, an in vivo selection system was developed. Since E. coli XL10-Gold does not contain b-galactosidase activity, only cells that are transformed with an active LP are able to grow on minimal medium with lactose as the sole carbon source. These cells can phosphorolyse lactose, resulting in the release of aGal1P and glucose which can be used as a carbon source. Moreover, cells containing the highest LP activity will grow fastest, meaning that the best enzyme present in the library can be selected using an enrichment culture. This selection system was used in the first round of our directed evolution experiment to identify improved variants from the randomized CP gene library.
About 10 5 clones from the epPCR library were thus subjected to selection on minimal lactose medium as described in the Materials and methods section. After 10 days of incubation in liquid lactose minimal medium, the first signs of growth became visible. Even though the wild-type CP enzyme has some LP activity, it is not enough to allow exponential growth of E. coli XL10-Gold on the lactose minimal medium (data not shown). Therefore, any sign of growth in the selection culture should be due to an increase in LP activity. As soon as the OD 600 reached 1.0, a fresh culture was started by inoculation of the grown culture into new medium. After four of these cycles on lactose minimal medium, an aliquot of the culture was plated on LB medium. Three colonies were picked and grown for plasmid extraction. Sequencing of the plasmids revealed that they all contained the same mutations, providing good evidence that one variant was indeed enriched in the selection culture. This variant was named LP1 and contains nine DNA mutations which result in six amino acid substitutions (Table I) . Most of the substitutions are located relatively far away from the donor site (.15 Å ), except for N667 which is located near the donor site (9.6 Å ).
After enzyme production and purification of the His-tagged wild-type and LP1 enzymes, their activities on lactose and cellobiose were determined (Table II) . The LP1 mutant showed a 3-fold increase in LP specific activity compared with the wild-type, whereas the CP activity was decreased 6-fold. As a consequence, the LP/CP ratio of LP1 is 17 times higher than that of the wild-type. It is clear that the selection on lactose minimal medium was used successfully to find an enzyme variant with improved LP activity.
Identification of positive mutations by site-directed mutagenesis of the LP1 mutant
It is likely that not all six amino acid mutations in the LP1 mutant contribute to the increased LP activity. Therefore, we investigated the importance of each amino acid substitution in the LP1 variant by mutating it back to the wild-type amino acid. Six variants of the LP1 mutant were created by site-directed mutagenesis, each of them containing five mutations compared with the wild-type. The mutant enzymes were recombinantly expressed and cell-free extracts were prepared to determine their CP and LP activities.
The experiment revealed that only T508A and N667T contribute significantly to the improved activity of LP1 on lactose (Fig. 2) . Eliminating one of these two mutations reduces its LP activity by more than half. These are also the two mutations closest to the active site. Interestingly, two of the other mutations were found to have a negative effect on LP activity: A397V and G681S. In LP1, an increase in LP activity from 40% up to 80% can be obtained by mutating one of these mutations back to the wild-type amino acid.
The effect of each LP1 mutation on CP activity is in most cases similar to the effect on LP activity, although not always to the same extent. One remarkable exception is the T508A mutation, which shows an opposite effect on LP and CP activities when reverted back to wild-type. Besides this, it is noteworthy that from all mutations in the LP1 mutant, Distance from the C a atom of the amino acid to the C1 atom of glycerol in the 3D structure of C. gilvus CP (PDB 2CQT). reverting the T508A causes the largest increase of CP activity and the largest decrease of LP activity. This shows that the T508 site plays an important role in substrate preference and specificity of the CP enzyme.
On the basis of these results, we constructed two mutants: the double-mutant T508A/N667T containing the two positive mutations, and the 4-fold mutant T508A/A512T/D557N/ N667T containing all LP1 mutations except for the two negative ones. Enzyme tests showed no significant difference in LP activity between these two mutants. Therefore, to reduce mutational burden, we decided to continue working with the T508A/N667T mutant, named LP2. The LP activity was increased by 70% compared with the parent LP1 mutant, whereas the CP activity was increased by only 27% (Table II) . These results show that it is useful to investigate the importance of each mutation in enzyme variants obtained by epPCR, since the activity can be easily further increased by eliminating negative mutations. Using the procedure described here, we conclude that only two mutations of LP1 are beneficial, namely T508A and N667T. They were, however, found by a partial deconvolution process and it can therefore not be ruled out that a complete deconvolution process-as reported by Reetz and Sanchez (2008) -could have identified more positive sites.
Site-saturation mutagenesis of N667 and T508
Having identified the beneficial sites N667 and T508 in the LP1 mutant, we decided to saturate them in order to find the amino acid that causes the largest increase in LP activity. Iterative saturation mutagenesis is a well-documented technique that has been shown to be very useful for the directed evolution of enzymes (Reetz et al., 2006 (Reetz et al., , 2009 . Saturation was performed using a PCR-based method with a primer containing the degenerated NNS codon. This codon generates 32 codons, encoding 20 amino acids and one stop codon. At first, the N667 site was saturated in the wild-type CP and the corresponding library was screened as described in the experimental section, using 200 mM lactose and 30 mM KH 2 PO 4 as substrates. The LP activity of each clone was determined by measuring the concentration of released glucose. Ninety-six clones were screened and they showed a gradual variation in LP activity. Sequencing of the most active clone revealed that it contained the N667A mutation. The activity of the N667A mutant was determined and compared with wild-type CP and an N667T mutant constructed by sitedirected mutagenesis. Both crude cell extracts of N667T and N667A showed an increase in LP activity compared with wild-type, with the N667A mutant being twice more active on lactose than the N667T mutant (data not shown). The results mentioned above confirm the importance of the N667 site for LP activity and that alanine improves the LP activity more than threonine on this position. In conclusion, an increase in LP activity is observed as the hydrophilic N667 evolves toward the small hydrophobic alanine, with the amphipathic threonine as an intermediate form.
A second DNA library was constructed by saturation of T508 in the N667A single mutant. It was screened under the same conditions as the N667 saturation library. Again, a gradual variation in LP activity was observed as in the case of the N667 saturation library. Sequencing showed that the most active clone contained the T508I mutation. The doublemutant T508I/N667A was named LP3 and enzyme tests were performed with the His-tagged purified enzyme. The LP3 mutant showed a general increase in LP and CP activities. The specific LP activity was found to be 50% higher than LP2 and the same increase was observed for CP activity (Table II) . LP3 has the highest LP activity found to date, amounting to 3.2% of the wild-type activity on cellobiose. It is noteworthy that in the screening of the T508 saturation library, three of the five most active clones contained the T508I mutation, whereas the other two contained the T508V mutation. Isoleucine and valine are similar amino acids as they are both beta-branched and hydrophobic. Apparently, this kind of amino acids is preferred on site T508 in order to obtain maximal LP activity. The original amino acid on that position, threonine, is beta-branched as well, but in contrast to valine and isoleucine, it is more hydrophilic. On the other hand, though alanine is not beta-branched, the T508A mutation of LP1 and LP2 does increase LP activity (see above) compared with wild-type. It seems that for highest LP activity, amino acids that are both beta-branched and hydrophobic are optimal at position T508.
Enzymatic characterization of wild-type and enzyme variants
Wild-type CP and the LP1, LP2 and LP3 enzyme variants were kinetically characterized in order to obtain a better view of the changes in their enzyme activity. The kinetic parameters of each purified His-tagged enzyme were determined in the direction of phosphorolysis of cellobiose and lactose, with phosphate at a fixed concentration of 30 mM. The results are summarized in Table III . For the wild-type enzyme, the kinetic parameters of cellobiose phosphorolysis agree well with previously reported data (Nidetzky et al., 2004) . No data are available in the literature about LP activity of wild-type CP. Here we found that, in comparison with cellobiose phosphorolysis, the wild-type shows a 120-fold lower k cat value (0.109 versus 13.2 s
21
) and an 80-fold higher K m value (228 versus 2.9 mM) for lactose phosphorolysis. As a result, the catalytic efficiency of the enzyme for phosphorolysis of lactose is 10 4 times lower than that for cellobiose phosphorolysis (0.48 versus 4557 M 21 s
). This is not surprising, as LP activity is only a Creating lactose phosphorylase enzymes side reaction of the wild-type CP. It is, however, the first report of kinetic data for lactose phosphorolysis by a DSP. When comparing the kinetic parameters of the wild-type with those of the enzyme variants, we can see that the increased LP activity of the variants is caused by a higher k cat value and not by an improved K m . In fact, the K m value for lactose increased from 228 mM for wild-type to 330 mM for the LP3 variant. The improved LP specific activity of LP3 is therefore completely attributable to the 10-fold increase in k cat ( ). The kinetic parameters for cellobiose phosphorolysis show that the LP1 mutant has the lowest k cat value, but also the lowest K m value among the wild-type and enzyme variants. Although the difference is quite small, it is somewhat surprising that the K m for cellobiose of the LP1 mutant is lower than that of the wild-type (1.7 versus 2.9 mM). Compared with wild-type, LP2 and LP3 do not show significant changes in the K m values for cellobiose. On the other hand, the k cat values for cellobiose phosphorolysis increase gradually from LP1 to LP3. The catalytic efficiencies of the enzyme variants for cellobiose phosphorolysis are about four to five times lower than that of wild-type.
In general, it can be concluded that the largest changes in both LP and CP activity of the enzyme variants resulted from their k cat values. This indicates that the mutations found in the LP variants mainly affect the chemical steps of catalysis or product release rather than the substrate binding itself. In the following section, the location of the positive mutations in the 3D structure will be discussed.
Location of mutations in the 3D structure
We have used the 3D structure of the homologous C. gilvus CP to investigate the location of the found mutations. The C. uda and C. gilvus CP enzymes are 89% identical on the amino acid level, thus providing good scientific basis to use the C. gilvus CP structure as a model. Two CP structures are available from the Protein Data Bank (PDB): 2CQS and 2CQT (Hidaka et al., 2006) . Although both of them contain ligands in the active site, we decided to use the 2CQT structure because it contains glycerol at the donor site (where it mimics glucose), and glucose at the acceptor site.
In total, six amino acid mutations were identified in the first-round LP1 mutant. Only two of these sites were found to be beneficial, namely T508 and N667. When looking at their position in the CP structure, it can be seen that N667 is located closely to the donor site, whereas T508 is further away, near the entrance of the active site (Fig. 3) . The N667 residue does not directly interact with the donor substrate, but is located directly behind W488, a residue that plays a crucial role in the formation of a 'hydrophobic platform'. This hydrophobic platform has been observed in almost all GH enzymes and is hypothesized to be important for transition-state stabilization at the 21 subsite (Nerinckx et al., 2003) . Mutation of N667 into threonine (LP1, LP2) or alanine (LP3) could possibly influence the position of this platform, making it more suitable for lactose. In the case of T508, a clear explanation is more difficult because it is located quite far away from the donor site. It is part of a long flexible loop situated at the entrance of the active site. This loop, consisting of residues 495-513, is thought to undergo conformational changes upon substrate binding (Hidaka et al., 2006) . It is possible that mutation of T508 changes the flexibility of this loop, causing an accelerated product release or making it more suitable for catalysis with lactose as a substrate. The other four mutations in the LP1 mutant, which were found to have a neutral (A512T, D557 N) or negative (A397V, G681S) effect on LP activity, were located at the surface of the protein, some distance away from the active site. However, without crystal structures of the obtained enzyme variants, it remains difficult to predict Measurements were carried out at 378C in 50 mM Mes-buffer (pH 6.6) with a fixed phosphate concentration (30 mM). Values are obtained from non-linear fits of initial velocities at different substrate concentrations to the Michaelis -Menten equation and are presented as mean + SE. Fig. 3 . Position of the beneficial sites N667 and T508 near the active site in the crystal structure of C. gilvus CP (PDB 2CQT). D490 (catalytic residue), W488 (hydrophobic platform) and the 495-513 flexible loop are shown as well. Bound substrates are glucose (acceptor site), glycerol (donor site) and phosphate.
the precise effect of each mutation on enzyme structure and activity.
Conclusions
Phosphorolysis of lactose has not previously been described in the literature. However, in this research, we have shown that the C. uda CP contains LP activity and that this activity can be significantly increased by directed evolution. Using tools like random mutagenesis, site-directed and sitesaturation mutagenesis, combined with selection and screening, we were able to create the double-mutant T508I/N667A (LP3), which showed a 7.5-fold increase in LP activity compared with wild-type. Kinetic characterization of the enzyme variants revealed that the increase in LP activity was caused by a higher k cat value, which in the case of LP3 was increased 10-fold. The beneficial mutations are situated near the substrate binding pocket, with N667 adjacent to the donor site and T508 in a loop at the active site entrance. The T508 mutation provides evidence for a role of the flexible loop (495 -513) in CP substrate specificity.
This study is the first report of protein engineering on CP. Reports of protein engineering on other DSPs to modify their substrate specificity are very limited. One example is Yamamoto et al. (2006) who created chimeric enzymes of trehalose phosphorylase and kojibiose phosphorylase. They found a chimeric enzyme that had phosphorolytic activity toward kojibiose (1% of wild-type activity) as well as very low activity toward nigerose, sophorose and laminaribiose (,1% compared with kojibiose).
Although the enzyme variants described here show a significant increase in LP activity compared with wild-type, their activity is still relatively low. However, with the strategy described here and the combined use of directed evolution and rational design, it should be possible to create efficient LP enzymes that can be used for industrial applications.
